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A B S T R A C T
A rubberlike matrix highly filled with spherical micrometric glass beads is submitted to uniaxial tension tests
until break. X-ray tomography imaging performed on the material while submitted to uniaxial tension reveals
early debonding at the matrix/filler interfaces at the poles of the particles followed by void coalescence creating
damage localization. The latter causes a downturn of the macroscopic stress-strain response. These phenomena
are analyzed further with three-dimensional finite element simulations, where 64 spherical beads are distributed
randomly in a periodic cell. A simple version of the Tvergaard-Hutchinson cohesive-zone model allows to re-
produce all the experimental trends well. The effects of the three parameters involved are analyzed, and three
different types of macroscopic behaviors are observed corresponding to three different microstructure damages.
The value of the initial stiffness of the interface, limited by numerical convergence, has little effect on how the
local damage evolves but has a significant impact on the overall macroscopic stress values. The local damage is
strongly dependent on the critical strength and the separation failure displacement, and the adhesion energy
may be considered as a resulting parameter of the two previous ones. The interfacial critical strength appears to
have a significant impact on the damage initiation, either spread across the structure for low values, or localized
for high values. Increasing the interface separation failure displacement delays the possible loss of adhesion to a
higher strain and preserves the integrity of the composite material.
1. Introduction
This contribution combines experimental observations and numer-
ical simulations of the damage which develops at finite strain in soft
materials reinforced by micron-size particles. While a material made of
an acrylate soft matrix filled with sifted spherical glass beads was made
in the lab for model reason, propellants are examples of such materials,
where the material optimization translates into formulation changes
that may weaken its strength and toughness because of an early ap-
pearance of cavities and cracks. The analysis of damage development at
the scale of the reinforcements in relation with macroscopic loading
may help optimizing the design of such composite materials.
The materials of interest are soft quasi-incompressible matrices
capable of large reversible deformation and reinforced by a large
amount (beyond 50% volume fraction) of quasi-rigid particles. The
large amount of fillers and of the strong stiffness contrast between the
two constitutive phases increase the computational difficulties
(Segurado and Llorca, 2002). Since the polymer matrix is mostly sub-
mitted to monotonic loadings at temperatures well above the glass
transition, viscoelasticity can be neglected. Recent studies have ex-
plored the nonlinear response of hyperelastic rubberlike matrix filled
with rigid inclusions using three-dimensional computational homo-
genization with perfect filler/matrix adhesion (Lopez-Pamies et al.,
2013; Guo et al., 2014; Leonard et al., 2020). In propellants as in other
elastomers filled with micron size particles, it is common to observe
matrix debonding at the filler surface (Cornwell and Schapery, 1975;
Oberth and Bruenner, 1965; Li et al., 2018), which demands to account
for a damageable adhesion at the matrix/filler interface. For this pur-
pose, cohesive-zone models (Tvergaard and Hutchinson, 1993; Park
et al., 2009) have already been introduced in finite element simulations
involving spherical particles dispersed in a matrix (Segurado and
Llorca, 2005; Matouš and Geubelle, 2006; Spring and Paulino, 2015;
Cho et al., 2017; Gilormini et al., 2017). The account for matrix ad-
hesion damage has shown to produce a realistic macroscopic behavior
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that could not be reproduced otherwise (Inglis et al., 2007). Early
studies (Böhm et al., 2004; Llorca and Segurado, 2004; Segurado and
Llorca, 2005, among others) were focusing on ductile matrices with
infinitesimal strain formalism. More recently, account for composites
with hyperelastic matrices, for which softening may result from the
matrix/filler interface damage only, were considered in finite strain in
two-dimensional (Moraleda et al., 2009; Toulemonde et al., 2016;
Zhang et al., 2018; Li et al., 2018) and three-dimensional representa-
tions (Spring and Paulino, 2015; Gilormini et al., 2017). While some of
these contributions have focused on the impact of the cohesive zone
model parameters on the macroscopic behavior (Spring and Paulino,
2015; Toulemonde et al., 2016), others have looked at the distribution
of stresses in the matrix (Moraleda et al., 2009; Li et al., 2018). The link
between the local damage field and the macroscopic stress-strain re-
sponse remains to be examined and we propose to do so by using a
three-dimensional computational homogenization approach.
In this paper, a close look at the local damage as a function of the
material parameters and the microstructure will help unveiling the
phenomena that induce the features exhibited by the macroscopic be-
havior. It was noted that according to the cohesive zone model para-
meters featuring different adhesion properties, three different types of
macroscopic behaviors could be witnessed with the same micro-
structure, resulting from three different types of local microscopic da-
mage. The numerical simulations will consider three-dimensional per-
iodic cells, where mono-size spherical particles are embedded in a soft
matrix with a Tvergaard-Hutchinson cohesive-zone model used at the
matrix/filler interfaces. Actually, previous two-dimensional studies
(Matouš et al., 2007; Toulemonde et al., 2015) have shown the minor
interest of considering polydisperse filler sizes in our case, since da-
mage concentrates first and foremost around the largest particles. The
macroscopic behavior as well as the local damage obtained on the
numerical material will be discussed in the light of original lab mea-
surements and observations collected on an actual rubbery acrylate
matrix filled with sifted glass beads. The paper is organized as follows.
In Section 2, an experimental characterization of the macroscopic be-
havior and local observations of damage obtained on the actual re-
ference material are reported. The numerical simulation framework is
detailed in Section 3, highlighting the cohesive-zone model re-
presenting the damageable adhesion of the matrix/particle interfaces.
Finally, Section 4 presents an analysis of the impact of the parameters
of the cohesive-zone model on the local damage and resulting compo-
site macroscopic stress-strain responses with an attempt to provide with
a quantitative comparison between the model and the experiments.
Concluding remarks close the paper.
2. Mechanical behavior and local damage of an actual model
material
2.1. Reference material
A rubbery polymer matrix network has been highly filled with 200/
250 µm-sifted glass beads. The matrix was obtained by mixing 98%
molar mass of methacrylate (MA) and 2% molar mass of polyethylene
glycol dimethacrylate (PEGDMA) of molar weight 750 g/mol, with
photo-initiator 2,2-Dimethoxy-2-phenylacetophenone (DMPA). The
products were used as received by Sigma Aldrich. The glass beads were
first cleaned following Cras et al. (1999) recommendations and slowly
added to the stirring mix. The pasty blend was poured in a 3 mm-thick
transparent mold and exposed to UV light during 40 minutes for
polymer crosslinking. Once removed from the mold, the composite
plates were subjected to a temperature of 45 ∘C during 15 minutes for
annealing possible process residual stresses.
Samples of final dimension 40 × 10 × 3mm3, as displayed in
Fig. 1a, were punched in the plates. For each sample, the glass bead
volume fraction was estimated accurately with an AccuPycII 1340 gas
pycnometer. Finally, samples showing the targeted 55% volume
fraction of glass beads were selected. The three-dimensional material
microstructure was characterized by microtomography X-ray scans (XR-
μCT) as illustrated in Fig. 1c. The random dispersion of the glass beads
was partially assessed (de Francqueville et al. (2019) )by comparing the
two-point correlation function S2 (Torquato, 2002) computed from the
reference material microstructure and the values calculated for a
Percus-Yevick distribution for the same volume fraction (Katzav et al.,
2017).
2.2. Stress-strain response in uniaxial tension
For mechanical testing, samples were glued (with Loctite Flexcomet
PU 15) to aluminum jaws and uniaxial tensile tests were carried out at
the low constant crosshead speed of 0.1 mm/min on an Instron 5967
tensile machine. The strain was measured by video extensometry based
on a Labview routine following two dots recorded by a 3 MPx camera
equipped with a telecentric lens. Fig. 2 illustrates the stress-strain re-
sponses recorded on three samples. Beyond the good reproducibility of
the test, it is worth noting that the behavior of the material presents
four stages. First, at small strain, the material response is linear (stage
1). Then, the material stress-strain slope decreases (stage 2), a sign of
the appearance of damage since the matrix is a rubbery amorphous
polymer and does not exhibit any plasticity. Around 7% strain, a
downturn occurs (stage 3) followed by a final upturn (stage 4) before
the sample ruptures. Note that the final strain at break is rather scat-
tered, which might be due to local defaults induced when making or
cutting the samples. For this type of composite, the damage analysis is
usually handled by a measurement of the global volume change
(Farris, 1968), which cannot help understanding the difference of be-
havior between stages 2 and 3, whereas tomography observations
performed on stretched samples give more insights on the local damage
attached to each stage of the mechanical behavior.
2.3. Microscale damage upon uniaxial tensile loading
The aim of the experiments is to study the evolution of the damage
at the matrix/filler interface at various tensile loading levels by means
of XR-μCT imaging. The images were captured with the laboratory
scanner available at Laboratoire Navier (Ultratom from RX-Solution)
providing here a resolution of 5 µm per voxel. In order to scan samples
at different stretch levels without adapting a specific setup to the
scanner, the samples were first stretched on the Instron machine and
then glued on glassy acrylate plates which maintained the deformation
state. Doing so, an undeformed sample as well as three samples stret-
ched at 5, 10 and 15% strain respectively could be scanned.
Fig. 3 shows representative slices for the four samples. In the initial
state, only particles (white) and matrix (light gray) are clearly visible.
Very few voids (black) at matrix/filler interfaces could be detected,
which were probably induced when punching the samples. At 5%
strain, several voids are evidenced at matrix/filler interfaces, at either
one or both poles of the debonded particles. At 10% strain, some voids
coalesced and formed micro cracks, which may be regarded as a da-
mage localization and is consistent with the downturn observed on the
macroscopic stress-strain curve at this strain level during the uniaxial
tensile tests. When the material is close to failure (15% strain), the size
of the micro cracks seems reasonably unchanged but their number is
much larger. Therefore, the first softening characterized by stage 2 in
Fig. 2 is related to a matrix debonding that is homogeneously dispersed
in the material, then the appearance of micro cracks is responsible for
the downturn of the stress-strain curve corresponding to stage 3 of the
material stress-strain response. The final upturn before break is likely
due to the stiffening response of the matrix when submitted to larger
strain in the regions where it provides the main contribution to the
response of the damaged composite. On a quantitative side, using the
mean value of the scans gray level, it was possible to quantify the vo-
lume fractions of void to 6.3% ± 1.3% for the sample strained at 10%
and 12.2% ± 1.2% for the sample strained at 15%. unfortunately, the
uncertainty was too large to provide with a reliable quantitative value
for the sample strained at 5%. These microstructural observations show
the impact of the local damage in the material response, and the pur-
pose of the next section is to set the numerical simulations that will help
studying the impact of the adhesion parameters on the composite da-
mage at the micro scale and on its macroscopic behavior.
3. Numerical material
3.1. Microstructure generation and numerical framework
The micromechanical simulations require to generate and select
representative microstructures and to account for mechanical proper-
ties similar to the reference actual material. Microstructures were
generated using the Skoge et al. (2006) method based on the
Lubachevsky and Stillinger (1990) algorithm, which provided isotropic
periodic cells starting from 64 randomly dispersed particle seeds
Fig. 1. (a) Uniaxial tension test sample of the actual model material, (b) SEM observation of the microstructure and (c) Three-dimensional microstructure obtained by
X-Ray tomography. The composite is made of a 55% volume fraction of glass beads dispersed randomly in a rubbery acrylate matrix.
Fig. 2. Uniaxial tensile test stress-strain responses of the acrylate matrix and of composite specimens filled with 55% volume fraction of 200–250 microns glass beads.
Fig. 3. Illustrations of the voids appearance at the micro scale. XR-μCT imaging in the initial state (a) and at 5% (b), 10% (c), and 15% (d) uniaxial tensile strain.
(de Francqueville et al., 2019). Finite element analyses have been
carried out using Abaqus (2018) finite element code, for is its proven
ability to cope with large strain and with interface debonding through
cohesive-zone models (Park and Paulino, 2011). First, a conforming
periodic mesh of ten-node quadratic tetrahedra was obtained with the
Netgen free software (Schneider et al., 2016), which is able to list the
displacement constraints required to apply periodic boundary condi-
tions. This process included mesh refinements in areas of near-to-touch
spheres to avoid element distortions. Note that no minimum distance
between beads was applied, following the recommendations of
Gusev (2016). The number of elements was varied from 500,000 to 2
millions in order to assess the mesh convergence that has been eval-
uated with the Young modulus at infinitesimal strain. Fig. 4 shows an
example of a periodic microstructure before and after finite element
meshing. After this meshing process, each node located at the surface of
the fillers was duplicated and, if located also on a cell boundary, the
associated displacement constraints to comply with periodic boundary
conditions were listed. This allowed to define 12-node prismatic user
elements with an initial zero thickness, where the cohesive-zone model
could be applied. Since no direct visualisation was available for user
elements, dummy six-node triangular surface elements were also de-
fined at the surface of the fillers, to which any value computed in the
corresponding user elements could be copied through a UVARM user
routine. This procedure was used to display the damage level at each
matrix/filler interface.
The beads behavior was defined by typical elastic parameters for
glass with a Young modulus of 69 GPa and a Poisson’s ratio of 0.25. The
hyperelastic behavior of the matrix was measured in uniaxial tension,
and the Ogden strain energy density (Ogden, 1982) appeared to fit the
matrix response well with a single set of Ogden parameters μ=0.6 MPa
and α=3.2 (Fig. 2). Since rubberlike materials are quasi-in-
compressible, with a bulk modulus three orders of magnitude larger
than their shear modulus, the compressibility factor of the Ogden law
was defined as D=6.6667.10 4 MPa ,1 corresponding to a bulk mod-
ulus of 3 GPa and to a Poisson’s ratio of 0.4999. Therefore, Abaqus
C3D10H hybrid elements were used in the matrix phase. In order to
neglect the impact of the dummy surface elements on the overall
stiffness, their mechanical properties were defined as elastic with a
negligible Young modulus of 10 20 MPa and a Poisson’s ratio of 0.25.
Finally, a typical mesh was made of about one million nodes and
half a million elements, with three millions degrees of freedom. The
simulation of a uniaxial tensile test lasted between 12 and 36 h when
run in parallel on 10 cluster nodes with 2.5 GHz Intel Xeon E5-2640
CPUs and 64 GB RAM for each node.
3.2. Cohesive-zone model
A simple version of the traction-separation law proposed by
Tvergaard and Hutchinson (1993) has been selected for its small
number of parameters when normal and tangent separation laws are
assumed similar. An illustration of this law in the case of purely normal
(or purely tangent) displacement is presented in Fig. 5, where the no-
tations are defined. The non-dimensional separation factor λ is in-
troduced, such that the cohesive zone is ruptured when = 1 in pure or
mixed loading mode:
= +nf tf2 2 (1)
with δn and δt denoting the normal and tangent displacements of the
interface, respectively. Note that the operator ⟨•⟩, which stands for
Macaulay brackets, allows the distinction between normal separation
and compression, with the latter inducing no change of the cohesive
stiffness. The largest separation factor encountered at the interface is
stored as =t t( ) max ( )m t in order to keep track of the evolving
properties of adhesion. This parameter is related directly to the damage
factor D, which is equal to 0 when the separation displacement is lower
than the critical displacement δc and increases up to 1 when the dis-
placement at failure δf is reached and = 1:
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With this definition, the normal and tangent stresses write as
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only three independent parameters remain to define the cohesive law,
for instance the initial stiffness K, the critical strength Tc and the dis-
placement at failure δf. Classically, attention is rather focused on the
adhesion energy Γ, which is directly related to the physics of adhesion.
However there is no obvious way to estimate this property at the scale
of the particles precisely (see Tan et al., 2005 or Gilormini et al., 2017,
for attempts to estimate the cohesive parameters experimentally).
Therefore, the displacement at failure δf has been preferred, whose
order of magnitude can be compared to the dimensions of the particles.
According to the experimental observations reported in Fig. 3, complete
debonding should be possible before the maximum macroscopic strain
is reached, which will limit the value of δf to the order of one tenth of
Fig. 4. Example of a generated periodic microstructure with 64 single-size
particles at 55% volume fraction before and after finite element meshing with
noticeable element refinement in the areas of near-to-touch particles.
Fig. 5. Traction-separation behavior of a cohesive element for a purely normal
(or purely tangent) displacement defined by three independent parameters
among the five (K, Γ, Tc, δc, δf) displayed here.
the spheres radius.
The Tvergaard and Hutchinson cohesive-zone model is available in
Abaqus for linear elements only, and therefore a user subroutine UEL
has been written in order to implement this model in a 12-node inter-
face quadratic user element. Moreover, this implementation included a
fictitious viscosity ζ to improve numerical convergence. Adapting the
technique of Gao and Bower, (2004) technique, Eq. (3) is modified into
= <
= + >
= +
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Viscous regularization is commonly used to improve convergence
(Chaboche et al., 2001; Hamitouche et al., 2008) however, the viscous
parameter should not modify the mechanical response or induce un-
reasonable computational cost. Based on Gao and Bower (2004), the
fictitious viscosity ζ has been estimated as one thousandth of the ad-
hesion energy divided by a typical velocity applied to the cell boundary
during the tensile test. This allowed to extend the applied strain at di-
vergence significantly, while the impacts on the macroscopic behavior
in uniaxial tension and on the local damage were negligible. Fig. 6
shows the macroscopic stress-strain responses with and without visc-
osity coinciding up to divergence of the former. This example has been
chosen for the particularly large strain value reached without viscosity,
allowing a representative comparison when numerous interface ele-
ments are fully damaged.
3.3. Computational analysis
The macroscopic stress-strain response can now be discussed in the
light of the field of the separation factor λ for a series of numerical
simulations defined by a given microstructure and by a set of cohesive-
zone parameters. The parameter K, defining the initial stiffness of the
cohesive elements, has a strong impact on the initial linear elastic re-
sponse of the composite material but, when large enough, it does not
affect significantly the strain at which softening initiates or the mac-
roscopic stress-strain response beyond the linear initial response.
However, K has a dramatic impact on the numerical convergence,
which excludes extremely stiff interface elements. A constant value of
K=70 MPa/mm has proven to provide with a good compromise
allowing changes of values of Tc and δf, and therefore to study the
impacts of the traction-separation law on the macroscopic mechanical
response and on the occurrence of local damage. It is worth noting that
results will focus on how, where and when damage will appear in the
microstructure. Indeed, due to the periodic boundary conditions used
here, which were required to reduce the size of the numerical problem
to a reasonable extent, once localization appears it may self-sustain.
Finally, the isotropy of the generated microstructure at large strain
was evaluated by running the same uniaxial tensile loading along each
Cartesian axis of the cubic periodic box. Fig. 7 shows three similar
numerical stress-strain responses allowing us to run simulations in one
directions only in what follows.
4. Results and discussion
4.1. Impact of the interfacial behavior
For a given microstructure, various macroscopic stress-strain re-
sponses can be obtained according to the properties of the cohesive
zone. In order to illustrate the different types of stress-strain responses
and look at the corresponding local damage, three sets of cohesive zone
parameters, listed in Table 1, are considered. The first case considers a
small value of Tc, allowing the damage to appear early and develop
across the microstructure. It also accounts for a realistic value δf of 20
microns compared to the spheres radius. The second case presents a
larger value of Tc, evaluating the impact of an increase in the interface
strength. The last case looks at the effect of a larger displacement at
failure δf compared to the second case, testing the increase of the in-
terface toughness.
Fig. 8 shows the macroscopic stress-strain responses obtained for the
three sets of cohesive zone parameters. The behaviors start similarly
with a linear response whose slope depends on the stiffnesses of the
constitutive phases. Then, the material responses soften due to the
appearance of matrix/particle interfacial damage. In case 1 of low
Fig. 6. Comparison of the stress-strain responses of a numerical microstructure
submitted to a uniaxial tensile test when including or not including a fictitious
viscosity in the Tvergaard-Hutchinson separation-traction law at the matrix/
filler interfaces. Numerical divergence is marked by a cross.
Fig. 7. Stress-strain responses of a microstructure submitted to uniaxial tensile
loading along each Cartesian axis with the same material parameters.
Computational divergence is indicated by cross symbols.
Table 1
Parameters of the cohesive zone model (Fig. 5).
K (MPa/mm) Tc (MPa) δf (mm)
Case 1 70 0.05 0.02
Case 2 70 0.1 0.02
Case 3 70 0.1 0.06
Fig. 8. Impact of the cohesive zone parameters on the macroscopic stress-strain response. (a) Illustration of the considered traction-separation behaviors. (b)
Macroscopic stress-strain responses. Symbols designate computational divergences.
Fig. 9. Illustration of the separation factor λ recorded at 3, 5, 7 and 10% macroscopic strain during vertical tensile tests resulting in Case 1 macroscopic stress-strain
behavior displayed in Fig. 8.
interfacial strength, the stress at which damage initiates is low. The
stress-strain response evolves quasi-linearly after damage starts. In case
2, the interfacial strength has been increased, keeping the displacement
at failure δf constant. As one could expect, increasing the interfacial
strength enhances the macroscopic strength. More interestingly, the
stress-strain response shows a downturn in the same fashion as the one
witnessed on the actual material Fig. 2. Finally, in case 3, the interfacial
toughness has been extended slowing down the evolution of stiffness
loss at the interface. Like in case 1, the stress-strain response evolves
quasi-linearly after the damage sets in. The stress-strain curves showed
in Fig. 8, are not only different in terms of values but also in terms of
shapes and one shape exhibits the same trends as the actual materials
(Fig. 2). In order to better understand these numerical results, a closer
look is taken at how the microscopic damage appears and evolves in the
microstructure.
First, a close look at the appearance and evolution of damage
around the particles is taken for the simulation Case 1. Fig. 9 presents
the separation factor at the matrix/beads interface at 3, 5, 7 and 10%
macroscopic vertical uniaxial strain. Damage appears (3% strain) and
Fig. 10. Illustration of the separation factor λ recorded at 8% macroscopic strain during vertical tensile tests resulting in the macroscopic stress-strain behaviors
displayed in Fig. 8.
Fig. 11. Quantitative comparison between the numerical model and the ex-
periments.
develops (5% strain) evenly at both poles of numerous particles aligned
with the tensile direction. Then, it increases faster at one pole, relaxing
the separation at the other pole (7% strain). Finally, when complete
separation is reached at the mostly damaged pole, damage increases
again at the other pole (10%).
Second, Fig. 10 compares the local separation factor recorded at the
matrix/filler interfaces at 8% macroscopic strain for the stress-strain
responses shown in Fig. 8. Case 1 shows evenly scattered significant
damage across the microstructure, which was observed as typical of a
low value of critical strength Tc. Some elements have reached the
complete failure (λ ≥ 1). Case 2 presents severe damage localized in a
plane perpendicular to the vertical tension. The fact that damage de-
velops preferentially in a plane perpendicular to the tension induces the
macroscopic specific stress-strain response displaying a downturn. It
results from the combination of a large Tc and a small δf, the first
parameter causing damage to appear preferentially on certain particles
while the second parameter leads to fast damage evolution before da-
mage could spread to other particles. This particular case is in ac-
cordance with the macroscopic and microscopic characteristics of the
actual material. Finally, Case 3 shows limited damage evenly scattered
across the microstructure. Due to the large separation failure, once
damage appears on a few particles it evolves slowly favoring its ap-
pearance on other particles.
The simulations have provided with a better understanding on how
damage takes place and evolves according to the interfacial properties.
The critical strength Tc and separation factor δf appear to have key roles
on the local microscopic damage that drives the macroscopic stress-
strain response. Moreover, some clues have emerged on the interfacial
properties of the actual material, which could be characterized by a
large critical strength and a small separation at failure. Next, the cap-
ability and the limitation of our simple numerical model is discussed at
the light of an attempt for quantitative comparison between the simu-
lations and the experimental data.
4.2. An attempt to reproduce the experimental data
Fig. 11 presents a comparison between the numerical model and the
experiments. The theoretical result was obtained for the following co-
hesive zone parameters: =K 200 MPa/mm, =T 0.14c MPa and= 0.027f mm (or equivalently = 1.9 Pa.m). On the upside, the order
of magnitude of the theoretical response is correct for a realistic value
of 27 microns for δf in regards to the diameter of the particles (250
microns). The downturns of the stress-strain responses occur at similar
values of macroscopic strain. Finally, one notes a satisfactory estimate
of the material volume change upon stretching. On the downside, the
initial stiffness of the material could not be reached. Increasing the
cohesive zone stiffness slows down the simulations severely, ultimately
favoring numerical divergences. Note that the calculation diverged
before displaying a possible upturn. Nonetheless, such an upturn,
controlled by the matrix behavior, was obtained for other cohesive zone
parameters, driving unfortunately to unsatisfactory comparisons with
the experiments.
4.3. Additional remarks based on further numerical simulations
Additional analyses have been carried out. The same simulations
were run on microstructures defined by different distributions of
spherical beads. Similar trends were obtained showing that the dis-
tribution of the particles in space has little impact on the results dis-
cussed here. Only the strain values at which damage appears or adhe-
sion failure is reached, vary slightly.
We have discussed above the strong impacts of parameters Tc and δf
on the local damage and induced macroscopic behavior of the com-
posite. In order to show explicitly the weak impact of the energy of
adhesion Γ, which is an intrinsic parameter drawing usually significant
interest, macroscopic stress-strain responses have been computed for
two sets of interfacial properties presenting the same adhesion energy
Γ. Fig. 12 shows the traction-separation behaviors considered and the
resulting macroscopic stress-strain responses. Two very different types
of local damage and resulting macroscopic behaviors were obtained
driven by very different values of Tc and δf.
Finally, a more complex cohesive-zone model defined by
Park et al. (2009) has been examined. A modified thermodynamically
consistent version (Gilormini et al., 2017) has been implemented in
Abaqus via a suitable UEL routine. This involved a smoother evolution
of the traction separation law but to the cost of up to eight parameters
when normal and tangent adhesion behaviors differ. The interest of
such a complex potential-based approach is to bring more flexibility
when quantitative comparisons are attempted. Despite the increased
complexity of the cohesive law, the results were found similar in terms
of the computed macroscopic behavior and the associated local damage
features. Moreover, an attempt to do better in terms of quantitative
representation of the actual material behavior was unsuccessful.
5. Conclusion
The macroscopic mechanical behavior of a rubberlike matrix highly
filled with spherical micrometric and mono-size particles has been ex-
amined at the light of the damage that develops locally. An actual
material was prepared in the lab and its mechanical response was
characterized in uniaxial tension. X-ray tomography imaging has re-
vealed the evolution of local damage upon deformation: debonding at
Fig. 12. Comparison between two interfacial adhesion properties presenting the same adhesion energy. (a) Interfacial traction-separation behaviors. (b) Macroscopic
stress-strain responses.
the matrix/filler interfaces appears early at the poles of the particles,
and its ensuing coalescence creates damage localization surfaces.
In order to understand the effects of the matrix/filler interfacial
behavior, three-dimensional numerical materials have been generated
for finite element analyses, where a simple version of the classic
Tvergaard-Hutchinson cohesive-zone model has been used to model the
damageable matrix/filler interfaces. While the numerical materials in-
volved a relatively small periodic cell containing 64 beads in order to
reduce the computational cost to a reasonable extent, all the trends
observed experimentally were obtained, and several interesting results
were reached:
• First, damage starts with matrix debonding at the poles of the par-
ticles and is distributed evenly across the microstructure. Then,
some interfaces fail at one of the poles of some beads. These inter-
face failures may be either localized in a plane perpendicular to the
direction of stretching, or scattered.• The distribution of the particles in the periodic cell has little impact
on how damage evolves, whereas the effect of the behavior of the
matrix/filler interface is of first order.• The critical strength involved in the matrix/filler interface behavior
determines the local distribution of severe damage. Damage loca-
lizes in specific areas of the microstructure for high values of the
critical strength, whereas the particles showing complete interface
failure are scattered for low values. Nonetheless, high values of the
adhesion critical strength induce high material strength.• Increasing the interface separation displacement to failure limits
complete adhesion loss and preserves the integrity of the composite
material.
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